A steady-state diffusion model has been used widely to determine the diffusivities of radionuclides in rocks. Buffer container at the source solution side is used to keep the concentration constant. It is suitable for non-sorptive species, but not for sorptive species. Some researchers proposed a unsteady-state diffusion model recently. It is possible to use simple experimental apparatus without buffer container to measure the diffusivity with this model. To obtain the diffusional information more easily according to the sorption properties of radionuclides, throughdiffusion experiments were performed in granites. Methods of determining of diffusivities are discussed according to sorption properties of species. For the non-sorptive species, the steadystate diffusion model was effective to determine the diffusivity. For the sorptive species, the analytical solution of the unsteady-state diffusion model found to be more appropriate to determine the diffusivity. Surface diffusion of sorbed species on rock did important role in diffusive transport.
INTRODUCTION
After disposal of radioactive wastes in a geologic repository, radionuclides may migrate with the groundwater eventually. In the safety analysis for the underground disposal, diffusion through cracks and fissures in the rock mass is one of the most important factors. Micropores of rock media provides retardation and dilution effects by removing the radionuclides from flowing groundwater in the fissure.
The diffusivities of sorptive and nonsorptive species in the rock mass have been studied previously(1)~ (4) . Some different experimental techniques have been used for measuring diffusion properties.
Those are indiffusion, through-diffusion, back-to-back diffusion, reservoir-depletion and out-diffusion experiment. Lever(5) 
II. DIFFUSION MODEL
When a rock disk is kept in contact with a solution in a through-diffusion system as shown in Fig. 1 , radionuclides sorb and diffuse through the rock. 
where C1 and C2 are the concentration in the source and receiver cell, respectively, Co the initial concentration in the source, and l the core length as shown in Fig. 1 . The analytical solution of Eqs. (3)~ (5) is given by Crank (13) .
The total amounts of diffusing species Q, which passed through the rock disk in time t is (14) (15) (6) As time goes to infinity, Eq. (6) approaches a linear relationship,
where pm are the roots of 
TV . RESULTS AND DISCUSSION
When a radionuclide diffuses through rock, one can consider four kinds of diffusion mechanisms.
Those are pore diffusion, intracrystalline diffusion, Knudsen diffusion and surface diffusion.
Wadden & Katsube(4) divided granite pores into four types, micro-, intermediate-, nano-and subnano-pores. They showed that all pores except the subnano-pores are mainly interconnected.
The diameter of diffusing species is order of angstrom, for example, the diameter of Cs+ is 3.3~3.7 A. So diffusing species such as Cs+ can diffuse through the rock pores more easily than through the rock matrix.
Thus intracrystalline diffusion are not important. Knudsen diffusion occurs when the mean free path of diffusing species is greater than the pore diameter.
For liquid phase, mean free path of ion is commonly a few angstroms; so Knudsen diffusion is not also important.
A radionuclide in the liquid phase is supposed to be adsorbed on the pore surface. Adsorbed radionuclide species can be desorbed into the liquid or move to an adjacent site on the surface of the pore. The latter case is a surface diffusion.
If desorption occurs, the radionuclide migrates through the pore or readsorbs on the surface of the pore. The relative contribution of surface migration is dependent upon sorption property of the radionuclide.
If the radionuclide is highly sorptive and irreversible in groundwater condition, the possibility of surface diffusion would increase.
Park et al. (14) reported that the sorption of cesium on a rock was almost irreversible in groundwater condition and had a high Kd value. Pore diffusion and surface diffusion occurred simultaneously for diffusion of radionuclide in the rock. The diffusion equation (1) containing terms for both diffusion can be used to measure diffusivity of cesium.
Because tritium does not sorb on the rock surface, tritium migrates mainly by pore diffusion. Increasing the concentration of tritium with time in the receiving cell is shown in 69- This is one of the drawbacks of steady-state model to apply for sorptive species. The molecular diffusivity of tritium is known as 2.4x10-5 cm2/s(15).
Geometric factor d/t2
can be calculated from the relationship; Dp=Dud/t2 as 0.35. Geometric factor of granite is generally 0.150 .6 (16) . If the concentration difference of diffuse species DC2 is large enough to fit the slope of diffusion curve from steady-state model, normalized concentration change DC2/Co need not to be large in the receiving side. However, the unsteady-state model can be applied effectively only when normalized concentration change is rather high. Thus it takes longer experiment time to determine diffusivity than the steady-state model for non-sorbing species. Figure 3 shows the diffusion curve of cesium in the receiving cell with time and curve fitting by the steady-state model. The Da was obtained as 1.46x10-7 cm2/s from the slope of the diffusion curve with the same method as tritium.
As already mentioned, Eq. (8) When Kd =7.36 (b=0.7) and Da=3.87 x 10-8 cm2/s, this simulated curve fits the experimental C1/Co data until 1,500 h, but no longer fit the normalized concentration data after 1,500 h. One must use a larger Kd value to match the C1/C, data after 1,500 h. As shown in Figs. 5 and 6, constant Kd model could not properly simulate the C1/Co curve. This means that sorption capacity should increases with diffusing time. This phenonema may be explained as follows : At the initial stage of diffusion, diffusing species are contacted only surface of the rock. As diffusion goes on, contacting surface area and sorbed amounts are increase. Finally sorption and diffusion occur in the whole rock body, and sorbed amounts are going to be equal to the value at equilibrium. Therefore, a kinetic sorption parameter is needed, b is the ratio of the sorption capacity of the whole rock body to solution. b has constant value because Kd has constant value. The analytical solutons of Eqs. (15) and (16) are also based on the whole rock body. While local chemical equilibrium is assumed in the rock pore by the equation of q=KdCp. A kinetic sorption capacity Kl is introduced to match the local parameter (isotherm) and the overall parameter (A). Kl is defined as of Eq. (18) has an analogy with MichaelisMenten equation (17) . At each computational time step in Eqs. (15) and (16) Thus the apparent diffusivity of cesium is calculated to be 1.4 x 10-10 cm2/s.
72-
The observed Da value is about 200 times larger than Da value calculated without surface diffusion.
It is the evidence that sorbed cesium on the rock surface migrates by surface diffusion.
Skagius & Neretniks(9) also observed that sorbed cesium migrates on the biotite gneiss significantly.
Therefore if one measures diffusivity with non-sorptive species, and calculate Dp, De, d/t2 and Da for sorptive species without considering surface diffusion, calculated values may not be correct.
V. CONCLUSION
For the sorptive species, unsteady-state diffusion model with kinetic sorption capacity K 1, fitted with experimental diffusion data better than steady-state model. In the aspect of diffusion mechanisms, pore diffusion was found dominant for the non-sorptive species, while for the sorptive species, pore diffusion and surface diffusion occur simultaneously. However, surface diffusion appeared to be dominant in the apparent diffusivity.
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